Rectifying undoped and nitrogen-doped ZnO / p-Si heterojunctions were fabricated by plasma immersion ion implantation and deposition. The undoped and nitrogen-doped ZnO films were n type ͑n ϳ 10 19 cm −3 ͒ and highly resistive ͑resistivity ϳ10 5 ⍀ cm͒, respectively. While forward biasing the undoped-ZnO / p-Si, the current follows Ohmic behavior if the applied bias V forward is larger than ϳ0.4 V. However, for the nitrogen-doped-ZnO / p-Si sample, the current is Ohmic for V forward Ͻ 1.0 V and then transits to J ϳ V 2 for V forward Ͼ 2.5 V. The transport properties of the undopedZnO / p-Si and the N-doped-ZnO / p-Si diodes were explained in terms of the Anderson model and the space charge limited current model, respectively.
Zinc oxide ͑ZnO͒ is a wide-band-gap semiconductor having properties suitable for various applications such as ultraviolet ͑UV͒ optoelectronic devices, transparent high power and high frequency electronic devices, surface acoustic wave devices, piezoelectronic transducers, and chemical gas sensors. ZnO film has been fabricated with various methods such as molecular beam epitaxy ͑MBE͒, chemical vapor deposition ͑CVD͒, radio frequency ͑rf͒ magnetron sputtering, pulsed laser deposition or electron evaporation, and on different substrates such as silicon, sapphire, or silicon carbide. Detailed reviews on ZnO material and device were given in review articles such as Refs. 1-4. Undoped ZnO material is of n type and doping the material p type is rather difficult. Nitrogen has been considered to be the p-type dopant of the material. Look et al. firstly demonstrated that MBE grown ZnO on a Li-doped semi-insulating ͑SI͒ ZnO substrate doped with the O and N fluxes created by a rf plasma yielded a hole concentration of 9 ϫ 10 16 cm −3 and a hole mobility of 2 cm 2 V −1 s −1 . 5 However, in some cases, the resulting materials were highly resistive and no definite p-type nature was observed. 6, 7 Although understanding the electrical properties of the ZnO related system is important for successful material and device fabrications, electrical transport of ZnO material or ZnO based structure has not yet been extensively studied nor thoroughly understood. In the present study, we have fabricated highly oriented undoped and nitrogen-doped ͑100͒ ZnO film on p-type silicon by plasma immersion ion implantation with deposition ͑PIII&D͒, 8 and the resulting ZnO films were respectively n type and highly resistive. The electrical characters of the sample films were studied and the physics of carrier transport was investigated in detail.
ZnO ͑0001͒ films were fabricated on p-type silicon by PIII&D. The substrate used in the present experiment was p-type ͑100͒ Si wafer with a resistivity of 10-30 ⍀ cm. The plasma immersion ion implanter used in the present study was equipped with a cathodic arc source. The base pressure was kept at 1 ϫ 10 −5 Torr during the operation. In order to reduce the detrimental macroparticles, the zinc plasma formed at the cathodic arc source was guided through a magnetic filter and was drifted into the vacuum chamber. A dual plasma consisting of zinc and oxygen ions was formed as oxygen gas was simultaneously blend into the vacuum. In order to dope the material, mixing gas of oxygen and nitrogen ͑ratio O 2 :N 2 10: 10, flow rate: 20 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, pressure: ϳ1.0 ϫ 10 −3 Torr͒ was introduced into the vacuum chamber. X-ray diffraction measurements showed that all the ZnO films were highly oriented in the ͑0002͒ direction, and no other ZnO related diffraction peaks were observed. The full width at half maximum ͑FWHM͒ of the ͑0002͒ ZnO peak observed in the x-ray diffraction spectra was as narrow as 0.21°, implying that the grown films had a very high degree of crystallinity.
Room temperature Hall measurements were performed on the undoped and the N-doped samples with the Van de Pauw configuration. Ohmic contacts on the ZnO and the p-type Si surfaces were fabricated by the thermal evaporation of Al and In metals, respectively. The Hall measurement showed that the undoped ZnO film was n-type having electron concentration and mobility of 2.3ϫ 10 19 cm −3 and 120 cm 2 V −1 s −1 , respectively. The nitrogen-doped ZnO film was found to be highly resistive having a resistivity of ϳ10 5 ⍀ cm, thus introducing the difficulty of accurately determining the carrier type by the Hall method.
Current-voltage ͑I-V͒ characteristic across the ZnO / pSi junctions were studied ͑i.e., the AB measurement as shown in Fig. 1͒ . The convention of the applied bias polarity was defined as negative at the ZnO side and earthed at the p-Si side. The I-V data of the undoped and the nitrogendoped ZnO / p-Si junction were shown in Fig. 1 , for which rectifying character was observed on both of the junctions. The threshold voltage for the undoped-ZnO / p-Si diodes is ϳ0.4 V. The room temperature leakage currents with 8 V reverse bias applied for the undoped and the nitrogen-doped samples were found to be 10 A and 3 nA, respectively.
The forward current transport property of the undopedZnO / p-Si sample was investigated at different temperatures varying from 200-370 K. The current as a function of the applied bias and also the corresponding diode resistance defined as R = dV / dI for the forward bias region are shown in Fig. 2 . Below the threshold voltage, R decreases with increasing forward bias. It maintains a constant resistance value above the threshold voltage. It is also noted that threshold voltage decreases with increasing temperature. Assuming the continuity of vacuum levels, neglecting the effects of dipole and interfacial state, the heterojunction band structure of the undoped-ZnO / p-Si can be constructed by the Anderson model. 9 Values of electron affinity of ͑ZnO͒ = 4.4 eV ͑Ref. 10͒ and ͑Si͒ = 4.6 eV band gaps of E g ͑ZnO͒ = 3.4 eV and E g ͑Si͒ = 1.1 eV were taken. The band structure of such a heterojunction is shown in Fig. 3 . As shown in Fig. 3 , the barrier for electron is equal to ⌬E C = ͑ZnO͒ − ͑Si͒ = −0.3 eV and that for hole is equal to 2.8 eV. Both the conduction band and the valance band have band offsets which are originated from the difference in the electron affinities and the band gaps of the two materials. It is noticed that the valance band offset ⌬E V is much larger than the conduction band offset ⌬E C . As the carrier concentration of the p-Si is much lower than that of the undoped ZnO, the depletion space charge region mainly locates at the p-Si side. As the ZnO side is under the negative bias, the conduction band barrier will be decreased and will enhance the electron flow from the ZnO to the p-Si. The subsequent recombination at the p-Si depletion region would give rise to the forward bias current flow. This implies that the diode resistance would firstly decrease upon the increase of the forward bias voltage ͑i.e., the lowering of the barrier͒. As the forward bias is large enough, the barrier would essentially be negligible, the I-V behavior thus becomes Ohmic, and the diode resistance becomes constant, which is contributed from the series bulk material resistance.
The log-log plot of the I-V data for the nitrogen-dopedZnO / p-Si sample is shown in Fig. 4 . The current transport follows an Ohmic behavior ͑i.e., J ϳ V͒ for the applied forward voltage smaller than ϳ1 V. As the applied bias is larger than ϳ1.0 V, the current transport deviates from Ohmic behavior and with applied bias larger than ϳ2.5 V, it follows the dependence of J ϳ V 2 . The J ϳ V 2 transport of the N-doped-ZnO / p-Si cannot be explained by the heterojunction band structure model as described in the last paragraph.
Space charge limited ͑SCL͒ current conduction has been observed in various semiconductor structures. [11] [12] [13] [14] Lambort and Mark 15 have developed the single carrier SCL current model with the presence of a trap above the Fermi level. As the applied voltage is lower than the onset voltage for deviating from Ohmic behavior ͑i.e., V Ͻ V on as shown in Fig. 4͒ , the thermally generated carrier density n 0 dominates over the injected carrier density and the carrier transit time c = d 2 / V on is larger than the dielectric relaxation time d = ⑀ / qn. The injected carrier would thus undergo dielectric relaxation to maintain the charge neutrality rather than transport across the sample. In this region, the traps are not completely filled. As the applied voltage is larger than V on , c is smaller than d and the injected carrier dominates over the thermally generated carrier. The increase of the applied voltage also shifts the quasi-Fermi level towards the conduction 
